Protein S (ProS) is a blood anticoagulant encoded by the Pros1 gene, and ProS deficiencies are associated with venous thrombosis, stroke, and autoimmunity. These associations notwithstanding, the relative risk that reduced ProS expression confers in different disease settings has been difficult to assess without an animal model. We have now described a mouse model of ProS deficiency and shown that all Pros1 -/-mice die in utero, from a fulminant coagulopathy and associated hemorrhages. Although ProS is known to act as a cofactor for activated Protein C (aPC), plasma from Pros1 +/-heterozygous mice exhibited accelerated thrombin generation independent of aPC, and Pros1 mutants displayed defects in vessel development and function not seen in mice lacking protein C. Similar vascular defects appeared in mice in which Pros1 was conditionally deleted in vascular smooth muscle cells. Mutants in which Pros1 was deleted specifically in hepatocytes, which are thought to be the major source of ProS in the blood, were viable as adults and displayed less-severe coagulopathy without vascular dysgenesis. Finally, analysis of mutants in which Pros1 was deleted in endothelial cells indicated that these cells make a substantial contribution to circulating ProS. These results demonstrate that ProS is a pleiotropic anticoagulant with aPC-independent activities and highlight new roles for ProS in vascular development and homeostasis.
Introduction
Protein S (ProS) is a plasma glycoprotein that acts as a critical negative regulator of blood coagulation. It functions as an essential cofactor for activated protein C (aPC) in the degradation of coagulation factors FVa and FVIIIa (1) (2) (3) and thus operates at a central node in the coagulation cascade. In in vitro assays, ProS also binds directly to FVa, FVIIIa, and FXa (4, 5) , although the extent to which it functions as an aPC-independent anticoagulant in vivo is debated.
The physiological importance of ProS is dramatically demonstrated by the catastrophic purpura fulminans that develops in the very rare newborns documented to be homozygous for ProS mutations (6) . Individuals with less-severe ProS deficiencies due to heterozygous mutations or polymorphisms, of which more than 200 forms have been documented, are at elevated risk for deep vein thrombosis (DVT) and other life-threatening thrombotic events (7, 8) . These same risks appear in the many SLE patients who display ProS deficiency (9) .
Most of the ProS in plasma is thought to be synthesized in the liver by hepatocytes (10) , but the Pros1 gene is also expressed by several other cell types, including T cells, Sertoli cells, DCs, and macrophages (11) . In these cells, ProS plays no apparent role in blood coagulation, but rather functions, together with the closely related protein Gas6, as an activating ligand for the TAM family of receptor tyrosine kinases (Tyro3, Axl, and Mer) (11) (12) (13) (14) (15) . As a TAM agonist, ProS mediates a wide variety of regulatory phenomena, including the phagocytic clearance of apoptotic cells (16) and the attenuation and resolution of the innate immune response (11, 13) . Of particular interest with regard to the results we report here, ProS is also a well-known product of vascular endothelial cells (ECs) (17, 18) , which function in hemostasis, coagulation, and vascular development (19) , and is also expressed by VSMCs (20) . ProS triggers receptor activation in VSMCs and induces proliferation of these cells (21, 22) , and VSMC expression of Axl has been found to be markedly elevated in response to vascular injury (23) .
With the notable exception of the Pros1 gene, whose locus has thus far proven refractory to targeting, all of the genes encoding critical components of the blood coagulation cascade have been inactivated in mice (ref. 24 and references cited therein; refs. [25] [26] [27] . We have now added ProS to this complement of genetic reagents. We have engineered a conditional floxed knockout allele for the Pros1 gene and then crossed mice carrying this allele with 4 different Cre driver lines. In these conditional mutants, the Pros1 gene is inactivated (a) in all cells; (b) specifically in hepatocytes; (c) in endothelial and hematopoietic cells; and (d) specifically in VSMCs. Analysis of the dramatic but divergent phenotypes that appear in these lines, performed in concert with analysis of the vascular phenotypes displayed by the mouse Axl and Gas6 knockouts, provides important new insights into ProS function in vivo.
beginning of embryonic development (28) to generate a conventional complete ProS knockout (Figure 1 , D-F). A substantial fraction of Pros1 +/-heterozygotes from this line were viable as adults (but see below), and these viable heterozygotes were fertile. In marked contrast, of 128 live-born neonates analyzed from heterozygote crosses, none were nulls (Pros1 -/-; n = 0). In addition, Pros1 +/-heterozygotes themselves were underrepresented in the neonatal population, appearing at only approximately 55% of their expected Mendelian frequency (n = 67 Pros1 +/-; n = 61 Pros1 +/+ ). Genetic scoring of embryos prior to birth -between E10.5 and E13.5 -revealed that Pros1 -/-nulls were indeed present at the expected Mendelian ratio in this earlier population (n = 16 Pros1 +/+ , n = 49 Pros1 +/-, n = 18 Pros1 -/-), indicating that ProS is dispensable for implantation and early embryogenesis but not for later stages of embryonic development. As expected, there were no detectable mRNA transcripts from targeted exons in these Pros1 -/-embryos ( Figure 1E ), and Pros1 +/-heterozygotes express half the level of ProS protein relative to wild-type mice, as detected in Western blotting with an antibody generated against residues within the thrombin-sensitive cleavage site ( Figure 1F ; see Methods) and in ELISAs using two polyclonal antibodies (see below). No expression of an aberrantly truncated ProS protein was detected with the TS site antibody (see below).
Mid-embryonic lethality, macroscopic blood clots, and fulminant hemorrhages in complete Pros1 knockouts. We found that all Pros1 -/-mice die between E15.5 and E17.5, from a massive coagulopathy and associated hemorrhages (Figures 2, 3, 4) . Inspection of intact mid-to late-gestation embryos revealed the presence of exceptionally large blood clots, together with fulminant hemorrhages, throughout the body ( Figure 2B , asterisks). These anomalies were never seen in wild-type embryos (Figure 2A) . Principal blood vessels of the embryo that were readily apparent in wild-type (Figure 2A ; arrowheads) were not visible in Pros1 -/-embryos ( Figure 2B ), consistent with their having been occluded by thrombi.
Analysis of sections from these E13.5-E15.5 embryos clarified this lethal Pros1 -/-phenotype. Coronal brain sections of perfused Pros1 -/-embryos revealed large, perfusion-resistant intravascular blood clots and pools of blood penetrating into the brain parenchyma. Compare, for example, the perfusion-cleared wild-type section in Figure 2C with the blood-filled section in Figure 2D . These coagulation anomalies were always associated with pronounced defects in central nervous system development, including grossly enlarged brain ventricles and a thinning of developing neocortical laminae ( Figure 2 , C and D). Perfused wild-type embryos contained cleared capillaries ( Figure 2E ), but perfused Pros1 -/-embryos were studded with capillaries that were occluded by clots containing aggregated fibrin and trapped blood cells ( Figure 2F ). Coronal brain sections of unperfused E13.5 Pros1 -/-embryos, visualized using combined staining with H&E and differential Carstairs stain (see Methods), contained large pools of free blood cells, which frequently filled brain ventricles and parenchyma ( Figure 3, A and B) . Although blood vessels within the brain were prominently affected, damaged vessels, thrombi ( Figure 3D ), and extravascular hemorrhagic blood ( Figure 3E ) were observed throughout Pros1 -/-embryos. Cross sections of mutants frequently displayed evidence of blood leakage ( Figure 3D ; compare with the wild-type section in Figure 3C ), with interrupted endothelial linings of thin-walled vessels through which blood cells leaked into surrounding tissues (arrowheads in Figure 3D ). These tissues presented with pyknotic nuclei (arrows in Figure 3D ), typical of cells killed by ischemic insult.
Analysis of sections of perfusion-cleared E15.5 embryos using the same combined H&E/differential Carstairs staining method ( Figure 4 ) identified fibrin clots within blood vessels (arrowheads in Figure 4 , B, D, F, and H), as well as loose blood cells in all of the tissues of Pros1 -/-embryos that we analyzed. These included the body wall ( Figure 4B ), brain, spinal cord ( Figure 4D ; note the large number of free blood cells that typically accumulated within the central canal), vascular plexus ( Figure 4F ), lungs, and liver ( Figure  4H ; note the trapped, perfusion-resistant blood cells evident in all tissues). Fibrin clots and loose blood were not observed in any wild-type embryonic tissue (Figure 4 , A, C, E, and G).
Accelerated clotting in plasma from Pros1 +/-heterozygotes. Although Pros1 +/-heterozygotes were viable and fertile as adults, the embryonic lethal phenotypes of Pros1 -/-homozygotes, together with the reduced number of Pros1 +/-heterozygous neonates and the coagulopathies associated with human ProS deficiencies, suggested that adult Pros1 +/-heterozygotes should exhibit defects in blood coagulation. We measured coagulation using two different assays for ProS activity. First, we developed an aPC cofactor assay for ProS in plasma and using this assay determined that Pros1 +/-mouse plasmas have a mean of 47% of the aPC cofactor activity of wild-type mouse plasmas ( Figure 5A ). Importantly, however, we found that base clot times without exogenous aPC were also significantly shorter ( Figure 5B ), indicative of a reduction in direct ProS anticoagulant activity. This "direct activity" is interesting, given that protein C (PC) is a zymogen of an active protease that cleaves FVa and FVIIIa, whereas ProS is not. Base clot times were unaffected by the inclusion of neutralizing antibodies against mouse PC (data not shown).
To quantify this direct activity, we developed a fluorescencebased assay for aPC-independent ProS anticoagulant activity, using thrombin generation profiles after a stimulus of prothrombinase complex (FXa/FVa) ( Figure 5C ). Both the lag time to thrombin generation ( Figure 5D ) and the time to peak thrombin generation ( Figure 5C ) were significantly reduced in Pros1 +/-mice, indicating that these mice are prothrombogenic. A neutralizing antibody against mouse aPC was included in the assays to exclude any contribution of aPC cofactor activity (see Methods). The assays were unaffected by the aPC antibody; by neutralizing antibody against tissue factor pathway inhibitor (TFPI); or by corn trypsin inhibitor, an inhibitor of the contact pathway of coagulation (data not shown). Together, these results provide the first in vivo genetic evidence to our knowledge that ProS inhibition of prothrombinase activity is both aPC and TFPI independent.
Genetic evidence for ProS action during vascular development and homeostasis. ProS was first identified as a ligand for the TAM receptors through its activity in medium conditioned by bovine vascular ECs (ABAE cells) and its activity in serum (12) . As noted above, ECderived ProS has potent trophic effects on cultured VSMCs (21, 22) , which also produce their own ProS (20) . At the same time, the development and functional integrity of blood vessels are both tied to blood flow, and thromboses almost invariably result in disturbed flow, which in turn induces an EC response that leads to vascular inflammation and remodeling (29, 30) . We therefore examined E13.5 Pros1 -/-embryos for anomalies in vessel development and function. Immunohistochemistry with the VSMC Figure 4 Pros1 -/-embryos present with a massive disseminated hypercoagulopathy and associated hemorrhages. Carstairs differential stain of perfused E15.5 WT (A, C, E, and G) and Pros1 -/-(B, D, F, and H) littermates stains loose blood cells yellow-orange; fibrin clots, magentapurple; and collagen, blue. All WT vessels were cleared by perfusion in every tissue examined. In contrast, every Pros1 -/-tissue displayed perfusion-resistant blood-bearing vessels with yellow-stained blood cells and magenta fibrin-positive clots (arrowheads in B, D, F, and H). (D) Note the massive hemorrhages present in the spinal cord lumen (central canal) and the right dorsal quadrant (yellow-orange stain). Scale bar in H applies to all panels: 400 μm in C and D; 100 μm in A, B, and E-H. marker α-SMA demonstrated reduced and dispersed staining of developing Pros1 -/-vessel walls ( Figure 6 , A-D). Reduced staining for α-SMA was consistently seen in all Pros1 -/-embryos analyzed but was more prominent in VSMC-rich arteries. Combined staining with anti-CD144 (vascular endothelial cadherin [VE-cadherin]) revealed well-formed vessels with segregated endothelial and muscle expression in wild-type E13.5 embryos but diminished and intermixed expression of these markers in Pros1 -/-embryos ( Figure 6 , C and D). Staining of E15.5 Pros1 -/-spinal cord microvasculature with antibodies against CD31 (the EC adhesion protein PECAM-1) and fibrin, the major constituent of blood clots, revealed a substantial reduction in CD31 signal in poorly formed microvessels, with associated intravascular blood clots ( Figure 6 , E and F). In addition, spinal cord vessels were enlarged ( Figure 6 , E and F, arrowheads). E13.5 brain microvasculature also displayed a routinely dispersed and disaggregated vessel structure in Pros1 -/-mice, whereas elongated tubular vessels were observed in wild-type littermates ( Figure 6 , G and H). Defects in vessel development, integrity, and function were also evident in the embryonic yolk sacs. Blood-filled vessels were impossible to discern visually when yolk sacs were isolated from E14.5 Pros1 -/-mice, probably due to occluded circulation ( Figure 6 , I and J). Staining with anti-CD31 revealed that these vessels were indeed present but poorly formed ( Figure 6 , K and L), with a 33% reduction in CD31 staining intensity, a 40% reduction in branch frequency, and an absence of normal hierarchical branching morphology.
Although the embryonic lethality of Pros1 -/-mice obviously precluded an analysis of vessel function in adult mice, we reasoned that defects in vessel integrity might also be apparent in adult Pros1 +/-heterozygotes, since Pros1 +/-heterozygous embryos frequently exhibited examples of both normal and aberrant vessel morphology and organization in the same embryo, as visualized by α-SMA and CD144 immunostaining ( Figure 7 , A and B). Adult vessel physiology is directly affected by mechanotransduction of the circulation, and ECs are very sensitive to the impaired blood flow that results from atherosclerotic plaques and thromboses (29, 31) . We therefore assessed blood vessel integrity and function in adult mice by injecting Evans blue (EB) dye into the tail vein and then monitoring the appearance of dye in various tissues 1 hour later. EB binds tightly to serum albumin and is widely used as a tracer to detect leakage of plasma macromolecules into tissues. In a normal vasculature, EB-bound albumin is confined to the circulation and does not leak into tissue parenchyma (32) . Pros1 +/-mice, however, typically exhibited striking, externally visible signs of dye extravasation into multiple organs, including the gastrointestinal tract, ears, nose pad, paws, subcutaneous fascia, and brain. Examples of such EB permeation of the muzzle and intestine are shown in Figure 7 , C and D. Tissue permeation was never observed in wild-type mice ( Figure 7 , C and D). We visualized dye leakage in brain sections by coinjection of EB with tomato lectin to label the ECs of blood vessels. Dye was always confined within tomato lectin-labeled vessels in sections of wild-type brain (Figure 7 , E, G, and I; EB fluoresces red when excited at 550 nm) but was frequently observed to leach out of vessels and into the brain parenchyma in adult Pros1 +/-mice (Figure 7 , F, H, and J).
These observations led us to perform a modified Miles assay (33-35) -a quantitative measurement of dye levels in tissues of mice injected with EB and then perfused 1 hour later with PBS. In this assay, dye levels are measured in tissues following overnight extraction in formamide (see Methods). We assayed the brain and liver of injected mice and performed the measurements in Pros1 +/-and wild-type mice and also in 6 additional genotypes of interest with respect to ProS action in vessel development and function. Pros1 +/-heterozygotes consistently displayed higher levels of penetrating dye than did wild-type mice in the modified Miles assay ( Figure 7K ). However, given that these Pros1 +/-heterozygotes are subject to thromboses that may themselves compromise vessel integrity and function, we also performed assays in Gas6 knockouts (36) . Like ProS, Gas6 is a ligand for the TAM receptors (12), one of which -Axl -has been shown to be expressed by the VSMCs and ECs of the vasculature (23, 37) . Unlike ProS, however, Gas6 plays no evident role as a blood anticoagulant, and Gas6 mutants are not subject to thrombosis. Indeed, the Gas6 knockouts have been shown to be protected from thrombosis (36) , thus allowing us to assess the role of TAM signaling in vessel integrity per se. It was particularly interesting, therefore, that EB-injected Gas6 -/-mice also displayed significantly elevated liver and brain dye levels relative to wild-type mice ( Figure 7L ; P = 0.04 and P = 0.025 [data not shown], respectively).
Although Gas6 and ProS are both TAM receptor ligands, the only TAM receptor that has been reported to play a role in the vasculature is Axl (38) . Consistent with these reports, we also measured significantly elevated EB permeation in liver isolated from EB-injected Axl knockouts relative to wild-type but not in liver from either Tyro3 or Mer knockouts ( Figure 7M ; P < 0.001 for Axl). Like the Gas6 mutants and in contrast to the ProS mutants, Axlknockout mice have also been shown to be protected from thrombosis relative to wild-type mice (39) .
Finally, we measured dye permeation in tissues of mouse lines in which we crossed our conditional Pros1 fl/fl allele with Cre driver lines designed to eliminate ProS expression specifically in two different cell lineages. We observed no significant difference in dye penetration between wild-type and Tie2-Cre/Pros1 fl/fl mice ( Figure  7N ), in which ProS expression is eliminated from ECs and hematopoietic lineage cells (ref. 40 ; see below). We did, however, detect significantly elevated EB permeation (P = 0.04) into the liver parenchyma of Sm22-Cre/Pros1 fl/fl mice, in which ProS is eliminated from VSMCs ( Figure 7O ). Taken together, these findings suggest that the vascular defects of the Pros1 mutants may result from both (a) the thrombosis that develops in these mutants and (b) reduced ProS-dependent TAM receptor signaling.
Inactivation of the Pros1 gene in hepatocytes. We next assessed the extent to which the full spectrum of phenotypes evident in the complete Pros1 -/-knockouts might be phenocopied in mutants in which ProS was specifically eliminated from the liver. As noted above, most of the ProS present in the blood is thought to be synthesized and released into the circulation by hepatocytes. We therefore crossed mice carrying the floxed Pros1 allele diagrammed in Figure 1C with an albumin-Cre driver line in which recombinase expression is restricted to hepatocytes (41) . Any phenotypes that develop in these mice should result solely from the loss of ProS in the liver, since ProS expression by vascular ECs, VSMCs, and all non-hepatocytes (e.g., megakaryocytes/platelets) remains unperturbed. Embryonic phenotypes in the Alb-Cre/Pros1 fl/fl mice cannot be compared directly with those of the EIIA-Cre/Pros1 fl/fl full knockouts, since recombination and gene inactivation triggered by the Alb-Cre transgene, while hepatocyte specific, is not complete in all hepatocytes until approximately 6 weeks after birth (42) . After this time, however, direct phenotypic comparisons between these two strains can indeed be made (42) .
We found that nearly all mice that carry the Alb-Cre transgene and that are also homozygous for the floxed Pros1 allele are viable throughout embryogenesis and that most Alb-Cre/Pros1 fl/fl embryos were indistinguishable from their wild-type littermates at E15.5 by gross examination (data not shown). We were unable to detect hemorrhages in most Alb-Cre/Pros1 fl/fl embryos even at E17.5, a time at which hemorrhagic blood cells fill the tissues of all complete Pros1 -/-knockouts. All Alb-Cre/Pros1 fl/fl embryos also appeared to be nearly normal in terms of gross development at E17.5, by which time all of the complete knockouts had died.
Their viability notwithstanding, staining of sections of the E15.5-E17.5 Alb-Cre/Pros1 fl/fl embryos with antibodies against CD31 and fibrin revealed the presence of focal fibrin deposition in blood vessels (Figure 8, D-F ) in approximately 15% of embryos. Fibrin deposition was never detected in wild-type embryos (Figure 8, A-C) . Unlike the situation in the complete knockouts, these fibrin clots appeared to be entirely contained within well-organized and normal-appearing vessels. When we examined Alb-Cre/ Pros1 fl/fl vessels in cross section, with antibodies against α-SMA (for vascular smooth muscle) and CD31 (for vascular endothelia), we consistently observed a normal organization of smooth muscle and EC layers, with normal levels of α-SMA and an intact vessel structure (data not shown).
Adult mice are viable in the absence of hepatocyte expression of ProS. As noted above, interpretation of the relatively modest embryonic phenotypes of the Alb-Cre/Pros1 fl/fl mice is complicated by the relatively modest expression and activity of the Alb-Cre transgene during embryogenesis (43) . However, the fact that recombination is complete by 6 weeks of age in this strain (42) allowed us to compare plasma ProS levels in adult Alb-Cre/Pros1 fl/fl homozygous mice relative to wild-type mice. We first verified that ProS expression is indeed ablated in hepatocytes purified from Alb-Cre/Pros1 fl/fl homozygotes by 8 weeks after birth ( Figure 9A ). We performed this analysis with hepatocytes isolated and purified from adult livers so as to eliminate other ProS-expressing cell types, such as megakaryocytes and ECs (see Methods). We found that the floxed Pros1 allele is indeed completely recombined, as assessed by Southern blotting of DNA prepared from the purified hepatocytes (data not shown); and, more importantly, that ProS expression was undetectable in protein extracts of these 8-week hepatocytes (cultured for 20 hours without serum), as assessed by Western blotting ( Figure 9A ).
We then used ELISA methods to measure circulating ProS in individual adult wild-type and Alb-Cre/Pros1 fl/fl homozygous mice. Although there is wide variation in ProS levels among individual mice (and humans) as a function of sex, age, circadian rhythm, and general physiology, these measurements nonetheless unambiguously demonstrated a significant reduction in blood-borne ProS, with circulating ProS levels in serum being reduced to approximately 45% of wild-type in adult Alb-Cre/Pros1 fl/fl homozygotes ( Figure 9B ). We also detected a reduction in aPC cofactor anticoagulant activity when we performed in vitro assays of plasmas from Alb-Cre/Pros1 fl/+ heterozygous mice relative to wild-type ( Figure 9C ), which was proportionally larger than the reduction in homozygote serum ProS protein measured by ELISA ( Figure 9B ). These results are consistent with the conclusion that (a) hepatocyte production accounts for approximately 55% of the ProS that appears in mouse blood; (b) other cells, in addition to hepatocytes, must contribute to the ProS present in the circulation; and (c) mice are viable as adults in the absence of any hepatocyte expression of the Pros1 gene.
Vascular ECs secrete bioactive ProS into the circulation. We used a third transgenic Cre driver line, in which expression of the recombinase is targeted specifically to ECs and hematopoietic lineage cells (e.g., macrophages and DCs) by promoter elements of the Tie2 (angiopoietin receptor) gene (40) , to assess the importance of EC-derived ProS to circulating ProS levels, blood coagulation, and vessel development. Unlike the Alb-Cre transgene, the Tie2-Cre driver yields complete recombination and gene inactivation in ECs at early embryogenesis. Tie2-Cre/Pros1 fl/fl mice were fully viable as both embryos and adults. These normal phenotypes notwithstanding, staining of sections of E15.5 embryonic brain blood vessels with antibodies against CD31 and fibrin revealed the presence of readily detected punctate fibrin immunoreactivity in the Tie2-Cre/Pros1 fl/fl vessels ( Figure 8 , G-I), which was never seen in wild-type vessels (Figure 8, A-C) . In contrast to the complete Pros1 knockouts, however, these fibrin clots were not associated with complete occlusion of vessels or embryonic hemorrhages. Fibrin deposition in Tie2-Cre/ Pros1 fl/fl vessels (Figure 8 , G-I) was somewhat less pronounced than in Alb-Cre/Pros1 fl/fl vessels at the same age (Figure 8, D-F) .
ELISAs performed with sera from adult Tie2-Cre/Pros1 fl/fl homozygotes indicated that these mice also display a significant reduction in circulating ProS, with levels that were approximately 57% relative to those of wild-type Tie2-Cre/Pros1 +/+ mice ( Figure 9B ). Consistent with these reductions in circulating ProS, Tie2-Cre/Pros1 fl/+ heterozygote plasmas also displayed a significant reduction in aPC cofactor activity in in vitro clotting assays ( Figure 9C) . As for the Alb-Cre/Pros1 fl/fl mice, this reduction in heterozygote plasma cofactor activity in vitro was proportionally larger than the reduction in homozygote serum ProS protein, as measured by ELISA ( Figure  9B ). (Why plasma aPC cofactor activity is consistently hypersensitive to reductions in measured serum ProS levels in these in vitro assays is at present unclear.) These results provide the first in vivo genetic evidence to our knowledge that ECs and hematopoietic lineage cells (such as circulating macrophages and DCs) make a substantial contribution to the level of ProS in the circulation. They have significant implications for the biosynthesis, action, and potential manipulation of ProS and other clotting pathway components that are known to be expressed by vascular ECs.
Discussion
The phenotypes that appear in the complete Pros1 -/-mutants highlight a critical role for ProS in blood coagulation. Although aPC cofactor activity is indeed reduced by approximately 50% in Pros1 +/-plasma ( Figure 5A ), aPC-independent anticoagulant activity is also reduced ( Figure 5, B-D) . Thus, the in vivo phenotypes observed in Pros1 -/-mutants may reflect both aPC-dependent and aPC-independent effects on thrombosis. There are two conflicting reports as to whether ProS acts as a cofactor to TFPI during inhibition of extrinsic FXase (44, 45) . Both studies used ProS that was deficient in Zn 2+ and was therefore likely to also be deficient in its ability to inhibit prothrombinase, while we find that most of the ProS in plasma contains Zn 2+ and efficiently inhibits prothrombinase (46) . The assays we developed for ProS direct activity ( Figure 5 ) use a prothrombinase stimulus and are unaffected by a neutralizing antibody against TFPI. Biochemical analysis of the Pros1 +/-heterozygotes therefore provides genetic evidence that ProS may have a direct anticoagulant function in the blood coagulation cascade.
The results detailed above also support a potential role for ProS in vascular development and function that may be independent of blood coagulation and PC. While PC -/-mice die within the first hours after birth due to coagulopathy, these mice nonetheless develop relatively normally through to the end of embryogenesis, with only scattered microvascular thromboses in the brain (47) . In contrast, Pros1 -/-mice display massive blood clots at mid-embryogenesis, coupled with severe hemorrhages that lead to embryonic lethality (Figures 2-4) . These defects are associated with a wide range of secondary developmental anomalies ( Figure 2D ), none of which are apparent in the PC -/-knockouts (47). It is possible that the differences in severity between the Pros1 and PC mouse knockouts may be explained by a maternal transfer of PC to the embryo during development. Such maternal rescue obviously does not occur to any meaningful extent for ProS in the Pros1 -/-mice (Figures 2 and 3) . The potential maternal transfer of PC is at present unresolved: PC has been shown to be transported across the adult mouse blood-brain barrier via the endothelial PC receptor (48) , but in in vitro isolated placental cotyledon perfusion experiments, von Dadelszen and colleagues found that PC neither crosses nor is degraded by the human placenta (49) .
The potential maternal transfer of PC notwithstanding, the vessel permeability defects seen in the Pros1 +/-, Gas6 -/-, Axl -/-, and Sm22-Cre/Pros1 fl/fl mice, but not in Tyro3 -/-or Mer -/-mice, are all consistent with the possibility that ProS also regulates vessel development and functional integrity via its ability to bind to and activate the TAM receptor Axl in VSMCs and ECs of the vasculature. While blood flow is instructive to vessel development (30, 50) and thromboses often lead to secondary defects in vessel integrity (29) , our results suggest that vascular dysgenesis in the Pros1 -/-mice may not be entirely secondary to vessel occlusion or compromised hemodynamics. Both ProS and its closely related TAM ligand Gas6 are produced by vascular ECs and VSMCs (refs. 12, 17, 20, 51, 52; and our results); Axl is also expressed by VSMCs (38, 53) , and ProS is a demonstrated mitogen for cultured VSMCs (21) . At the same time, the expression of Axl in the vasculature is markedly upregulated after injury (23, 54) . The Axl and Gas6 knockouts -but not the Tyro3 or Mer knockouts -also display vessel permeability defects (Figure 7, L and M) , as do the Sm22-Cre/Pros fl/fl mice, in which ProS expression is eliminated in VSMCs ( Figure  7O ). (Frequent brain hemorrhages have also previously been reported in mice mutant for all 3 TAM receptors [refs. 14, 15] .) Vessel permeability defects in the Gas6 and Axl knockouts cannot be explained by thrombosis, since both of these mutants are less -not more -prone to thrombotic events than are wild-type mice (36, 39) . Protection from thrombosis in these mutants is thought to result from the loss of Gas6/Axl signaling in platelets, where this signaling appears to play a role in thrombus stabilization (36, 39) . Together, all of these data suggest that ProS action during vessel development and homeostasis may be mediated in part by its binding to and activation of Axl expressed by VSMCs. Our data on this point are indirect, however, and although we consider it unlikely, it remains possible that all of the vascular defects we document in the Pros1 mutants are entirely secondary to thrombosis. We anticipate that additional TAM-dependent roles for ProS can now be investigated in diverse cell types through the use of cellspecific Cre drivers in combination with our floxed Pros1 allele.
With respect to our findings of altered blood coagulation profiles in the Pros1 mutants, a recent report by Saller and colleagues (55) also describes the generation of Pros1 +/-and Pros1 -/-mice. These mutant lines display blood coagulation defects very similar to those we describe. Consistent with our data, the Pros1 +/-heterozygotes also show enhanced sensitivity to tissue factor-induced venous thromboembolism (55) .
Our use of differential Cre drivers to extend the analysis of coagulation defects beyond the complete Pros1 knockouts provides new insights into the sites of synthesis and action for the ProS that appears in the circulation. Although ProS has been shown to be produced by ECs in culture (17, 18) , most attention has been focused on the production of this protein and other components of the clotting cascade by hepatocytes of the liver (7). The extent to which vascular ECs represent a biologically significant source for circulating ProS in vivo has not been assessed genetically. We demonstrate that adult Alb-Cre/Pros1 fl/fl homozygotes can, remarkably, survive in the absence of any detectable hepatocyte expression of the Pros1 gene. Approximately 45% of normal circulating ProS remains in the absence of hepatocyte-derived ProS ( Figure 9B ). Our results with the Tie2-Cre/ Pros1 fl/fl homozygotes ( Figure 9B ) further indicate that much of this residual ProS is produced by ECs, macrophages, and DCs and that this level of anticoagulant activity is sufficient for viability. Hereditary ProS deficiency is a major risk factor for DVT and other thrombotic events, and there are more than 200 disease-predisposing Pros1 mutations identified in humans. Our findings suggest that in addition to hepatocytes, vascular ECs, which are readily accessed via the circulation, may be especially favorable cellular targets for gene therapy interventions designed to correct genetic or acquired defects in ProS or other regulators of blood coagulation.
Methods
Generation of Pros1-knockout mice. The murine Pros1 gene was cloned from a 129s6/SvEvTAC spleen genomic DNA BAC library (CHORI), using a cDNA probe. A targeting vector (TV) was constructed by cloning a Pros1 genomic fragment of 16.7 kb spanning exons 11-15 into pBlueScript (Stratagene), utilizing the recombineering technique (56) . The 5′ homology arm (HA) was PCR amplified with the following primers: 5′-GTGGCCC-GCATATAGAAGACC-3′ and 5′-TTCACCTTATCTCCCGTCCCTT-3′; and the following primers were used to amplify the 3′ HA: 5′-AAATCGGATG-GACTACAGAAGAAG-3′ and 5′-ATTGAGGACACATGCGGATTTCTA-3′. The 5′ loxP site was inserted within the PL452 cassette immediately downstream of the 5′ HA, and the 3′ loxP site was inserted within the PL451 cassette, immediately upstream of the 3′ HA. PstI and BglI sites were introduced into the 5′ loxP and the 3′ loxP sequences, respectively, to allow for genomic screening of loxP sites. A neomycin resistance (neoR) gene was cloned with the 3′ loxP and was used for positive selection of ES cell clones. The TV was linearized with SacII and electroporated into mouse 2A ES cells. ES cells heterozygous for targeted recombination at the Pros1 locus were used to generate chimeric animals. A chimeric germline-transmitting male was bred to EIIA-Cre homozygous (28) females to generate an F1 colony of Pros1 +/-heterozygous mice. Hepatocyte-, endothelium-, and vascular smooth muscle-specific inactivation of Pros1 was achieved by cross-breeding Alb-Cre, Tie2-Cre, and SM22-Cre transgenic mice (The Jackson Laboratory) with Pros1 fl/fl mice, respectively. In contrast to Pros1 +/-and Pros1 -/-mice, all hybrid Cre/Pros1 fl/fl lines were obtained at the expected Mendelian frequencies. All experimental procedures with mice described in this article were reviewed and approved by the Salk Institute Animal Care and Use Committee.
DNA analysis. Genotyping of DNA from adult mouse tails was performed by PCR designed to span the 5′ loxP and the 3′ neoR sequences. 100-and 200-bp differential PCR products were generated for the 5′ region of the wild-type and targeted alleles, respectively. HpaI digests of genomic DNA yielded a differential restriction pattern of 14 kb for the wild-type Pros1 allele versus 7.5 kb for the knockout allele, detected by Southern blotting using a 5′ external probe. PCR reactions were also performed to verify loss of neoR sequences upstream of the 3′ loxP sequence after Cre-mediated excision. Routine genotyping was performed by Transnetyx Inc., utilizing a quantitative PCR (qPCR) reaction specifically designed to detect all allelic isoforms generated for the Pros1 gene.
qPCR. Levels of Pros1 mRNA were measured by qPCR from embryonic liver and brain tissue, using the following primers: exons 4/5 (nontargeted region): forward, 5′-TTCCGTGTTGGCTCATTCC-3′ and reverse, 5′-TTGGTCTGAGATGGCTTTGACA-3′; exons 13/14 (targeted region): forward, 5′-GCACAGTGCCCTTTGCCT-3′ and reverse, 5′-CAAATAC-CACAATATCCTGAGACGTT-3′; GAPDH: forward, 5′-TCCCACTCTTC-CACCTTCGA-3′ and reverse, 5′-AGTTGGGATAGGGCCTCTCTT-3′.
Protein analysis. Total tissue protein extracts were prepared from adult wild-type and Pros1 +/-livers by sonication in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% NP-40, 0.1% SDS, 0.5 mM EDTA), supplemented with Complete Protease Inhibitor Cocktail (Roche). Lysates were incubated on ice for 30 minutes and centrifuged for 20 minutes. Equal amounts of protein were loaded on 3%-8% gradient Tris-Acetate gels (Invitrogen). After electrophoresis, proteins were transferred to Imobilon P membranes (Millipore) and blocked in blocking buffer (3% BSA in 150 mM NaCl and 0.1% Tween-20 [TBST]) for 1 hour at room temperature. The membranes were then incubated overnight at 4°C in the presence of primary antibody. The following antibodies were used: rabbit anti-β-actin (1:1,000; Cell Signaling Technology) and rabbit anti-ProS, generated against a peptide within the thrombin-sensitive region (1:1,000; catalog AB15928; Millipore). Membranes were washed 3 times for 5 minutes in TBST and incubated with an HRP-conjugated anti-rabbit secondary antibody (1:5,000, Amersham) in blocking buffer for 1 hour at room temperature and developed with an ECL reagent prepared in-house.
Primary hepatocyte isolation and culture. Hepatocytes were purified from Alb-Cre + /ProS +/+ (wild-type), Alb-Cre + /ProS fl/+ (heterozygous), and Alb-Cre + / ProS fl/fl (knockout) mice at age 8 weeks and 1 day. Mice were deeply anesthetized by an intraperitoneal injection of 1 mg/ml xylazine, 10 mg/ml ketamine; 250 μl/mouse. The abdominal cavity was opened and the livers perfused directly through the inferior vena cava with 250 ml wash buffer (1× HBSS [Invitrogen]; 50 mM HEPES, 5 mM EGTA; 10,000 U/ml heparin) at a rate of 16 ml/min, using a 25 G needle. The portal vein was immediately cut open to relieve pressure. Immediately thereafter, 50 ml digestion solution was perfused (1× HBSS, 50 mM HEPES, 5 mM CaCl2, 0.3 mg/ml collagenase IV [Sigma-Aldrich]). The liver was excised into wash buffer and teased apart with forceps to release hepatocytes. Cells were filtered through a 250-μm mesh, pelleted at 60 g for 2.5 minutes, and resuspended in 25 ml plating medium (Medium 199 [Invitrogen], 10% FBS, 1× penicillin/streptomycin, 1× GlutaMAX [Invitrogen], 1× Fungizone). A final centrifugation through a 0.9% Percoll/HBSS (GE Healthcare) solution (60 g for 2.5 minutes) resulted in a pellet of purified hepatocytes. Cells were resuspended in growth medium, and 5 × 10 5 cells were plated on a 5-cm tissue culture dish and allowed to adhere for 4 hours in a 5% CO2/37°C incubator, after which the medium was replaced with serum-free medium (Medium 199, 1× penicillin/streptomycin, 1× GlutaMAX, 1× Fungizone) and the cells grown for 20 hours. Remaining hepatocytes were pelleted and used for genomic DNA extraction, using standard methods, followed by Southern blot analysis.
Protein extraction from purified hepatocytes. Cells were washed 3 times with ice-cold PBS and lysed for 3 minutes in 0.5 ml 1× RIPA buffer (25 mM Tris pH 7.5; 150 mM NaCl; 1% NP-40; 1% Na deoxycholate; 0.1% SDS) supplemented with Complete Protease Inhibitor Cocktail (Roche). Cells were scraped and placed in an Eppendorf tube on ice for 20 minutes to allow for further lysis, followed by a 15-minute centrifugation at 15,000 g (7-cm rotor radius at 14,000 rpm)/4°C. The lysate (supernatant) was aliquoted, transferred to fresh tubes, and stored at -20°C. Equivalent amounts of protein were loaded onto a 7% Tris-Acetate Protein gel (Invitrogen) according to manufacturer's instructions. Proteins were blotted onto a PVDF membrane (Millipore), blocked with 5% milk/TBST for 1 hour at room temperature, reacted with primary antibodies overnight at 4°C, and developed as detailed above.
Dye assessment of vessel integrity. Adult wild-type and Pros1 +/-mice were anesthetized by isoflurane inhalation. Two hundred microliters of a solution containing 0.1 mg/mouse each of FITC-conjugated tomato lectin (Lycopersicon esculentum; Sigma-Aldrich) and EB/saline was injected into the tail vein and allowed to circulate for 1 hour, after which the animals were sacrificed. The brain was acutely isolated and coronally sectioned. Brain sections were immediately observed with a confocal microscope. Mice were observed for blue staining in brain tissue and internal organs.
Quantitative vascular permeability assay. We performed a modified version of the Miles assay (33). The Miles assay is based on the fact that EB that is introduced into the circulation binds to endogenous serum albumin, and it is used as a tracer to assay macromolecular leakage from peripheral vessels. Modified Miles assays were performed as described previously (34, 35) . Briefly, 100 μl EB solution (Sigma-Aldrich), either 0.1% or 1% in 0.9% NaCl, was injected into the tail vein of anesthetized mice and allowed to circulate for 1 hour. A minimum of 4 mice per genotype were injected, along with control WT mice from the same genetic background. Mice were then deeply anesthetized and perfused with PBS. The brain and a sample of the liver were excised and blotted on 3M tissue paper, and the wet weight was recorded. Tissues were then cut into approximately 2-mm-thick slices, and each tissue was immersed in 2 ml formamide and incubated overnight at 65°C to allow for EB dye extraction. The absorbance of the extracted dye was measured with a spectrophotometer at 620 nm. Absorbance values were within the linear range of a standard curve of EB diluted in for-mamide and were then divided by the wet weight of the tissue, to normalize for different sample sizes. Results are presented as weight-normalized absorbance units per gram tissue.
Histology and immunohistochemistry. Staged embryos (morning of vaginal plug was considered E0.5) were fixed overnight at 4°C in paraformaldehyde (4% in PBS) and either embedded in paraffin and cut at 4 μm or cryopreserved in 30% sucrose (overnight, 4°C) and subsequently embedded in TFM (Electron Microscopy Sciences), frozen in prechilled isopentane, and cryosectioned at 10 μm. Fresh-frozen tissue was snap-frozen in TFM as described, postfixed in ice-cold methanol, and processed for immunohistochemistry. Sections were blocked in blocking buffer (5% NGS, 0.1% Triton X-100 in PBS) for 1 hour at room temperature, incubated with primary antibodies overnight at 4°C, washed 3 times in PBS, incubated with a secondary antibody (1:200 dilution in blocking buffer) for 1 hour at room temperature, washed 3 times, Hoechst stained, and mounted. E9.5 and E13.5 embryos and yolk sacs were fixed in Dent's fixative (methanol/DMSO, 4:1) overnight at 4°C. Antibodies used were rat anti-mouse CD31/PECAM-1 (BD Biosciences -Pharmingen), 1:100; rat anti-mouse CD144/VE-cadherin (BD Biosciences -Pharmingen), 1:100; and mouse monoclonal anti-mouse α-SMA (Sigma-Aldrich), 1: 7,500. H&E and differential Carstairs staining (57) designed to stain fibrin in magenta-purple, free blood cells in yellow-orange, and collagen in blue, was performed on 4-μm paraffin sections; thin sections (1 μm) of perfused (1% PFA/2% glutaraldehyde) embryos were processed for EM. Perfusion of embryos was performed immediately after their isolation. Embryos were pinned down, their hearts exposed, and perfusate was injected intracardially using a syringe with a 27G needle.
Blood analysis. Adult Pros1 +/-heterozygotes were anesthetized with 0.6 ml of 2.5% Avertin in saline. Blood was drawn by cardiac puncture from the right ventricle with a 25 G needle and immediately mixed, by 5 gentle inversions, with 3.8% sodium citrate as anticoagulant to achieve a final ratio of 9 parts whole blood to 1 part Na citrate. Plasma was isolated following centrifugation at 360 g (8-cm rotor radius at 2000 rpm) for 20 minutes at room temperature. For ELISAs, serum was prepared from blood collected by retro-orbital puncture. Aliquots of plasma or serum were frozen immediately at -80°C prior to analysis.
Materials for coagulation and ELISA analyses. Human FV was purified and activated from plasma obtained after written informed consent of the blood donors, as described previously (58) . Prothrombin, fibrinogen, and FXa were from Enzyme Research Laboratories; rabbit anti-human ProS was from Dako; secondary antibodies and peroxidase conjugate were from Pierce; o-phenylenediamine and p-amidino phenylmethylsulfonyl fluoride (pAPMSF) were from Sigma-Aldrich. Mouse aPC and rat neutralizing mAb TVM-1 against mouse PC were gifts from John Griffin and José Fernández (The Scripps Research Institute). Neutralizing mAb against TFPI was a gift from Diagnostica Stago and was found to shorten the clotting time of mouse plasma stimulated with tissue factor, lipids, and Ca 2+ . Conditioned medium containing rat ProS was a gift from Michael Hall and Barry Burgess (UCLA, Los Angeles, California, USA). Additional illustrations of the coagulation and ELISA assays are available in ref. 59 .
ELISA for ProS in mouse sera. Nunc MaxiSorp microtiter plates (Fisher Scientific) were coated with 4 μg/ml rabbit anti-human ProS and blocked with I-block (Tropix). Pooled sera from WT mice was diluted from 1:50 to 1:1,600 in 0.05 M HEPES, 100 mM NaCl, pH 7.4 (HBS), containing 0.5% BSA and 0.01% Tween-20. Individual mouse sera were similarly diluted 1:100. These were incubated in the wells overnight at room temperature. The same buffer was used to dilute detection reagents; the same buffer without BSA was used for washes between steps. Bound ProS was detected with 5 μg/ml goat anti-human ProS IgG (prepared in house), followed by 0.5 μg/ml biotinylated mouse anti-goat IgG, 1 μg/ml streptavidin-HRP, and o-phenylenediamine (Sigma-Aldrich). After color development (~4 minutes), the reaction was quenched with an equal volume of 1 M HCl; plates were read at 490 nm. Unknowns were calculated by comparison to the standard curve. Data were normalized to the mean value for wild-type mice, which was taken as 100% ProS antigen.
FVa-based assay for aPC cofactor activity of ProS in mouse plasma. Plasma aliquots were thawed and treated with 20 μM pAPMSF 20 minutes before use. Mouse plasma (12 μl) was mixed with 2 μl of 3 μM prothrombin, 10 μl of 9 mg/ml fibrinogen, and 43 μl of 90 μM phospholipid vesicles (20% phosphatidyl serine, 80% phosphatidyl choline) in HBS/0.5% BSA in cuvettes of an ST4 coagulometer (Diagnostica Stago). Mouse aPC (25 μl of 2 μg/ml) was added, followed by 33 μl of 0.3 μg/ml FVa, each in HBS/0.5% BSA. Mixtures were incubated at 37°C for 2 minutes with mixing prior to addition of 25 μl of 50 mM CaCl2 to initiate clotting. Assays using human plasma and human aPC showed that prolongation of clot time was linear with increasing doses of plasma ProS mixed with ProS-depleted plasma and that the concentration of aPC used had little effect in ProS-depleted plasma. This linear behavior made it possible to measure relative differences in aPC cofactor activity among experimental mouse plasmas.
Assay for direct anticoagulant activity of ProS in mouse plasma. Mouse plasma (15 μl) was thawed, pretreated for 20 minutes with pAPMSF, and mixed with 5 μl of 3 μM prothrombin and 6 μl of 0.83 mg/ml neutralizing mAb against mouse aPC in HBS containing 0.5% BSA and 5 mM CaCl2 for 5 minutes. A mixture of FXa/FVa/phospholipid vesicles/CaCl2 in HBS/0.5% BSA was added to final concentrations of 20 pM/20 pM/25 μM/9 mM in a volume of 15 μl, followed by 60 μl of fluorogenic thrombin substrate Z-GGR-amino methyl coumarin (Bachem) in HBS/0.5% BSA, 5 mM CaCl2. To monitor thrombin generation, fluorescence was read every 20 seconds at an excitation wavelength of 360 nm and an emission wavelength of 460 nm, as shown in Figure 5C . The first derivative of the fluorescence readings was calculated. Preincubation of mouse plasma with Dako anti-human ProS shifted the thrombin generation profiles of Figure 5C to the left and upward, or to a more procoagulant profile, consistent with responsiveness to ProS, and addition of concentrated rat recombinant ProS conditioned medium shifted the curve for normal mouse plasma to the right and downward, or to a less procoagulant profile (59) .
Statistics. aPC cofactor activity of ProS and direct anticoagulant activity of ProS in wild-type and Pros1 +/-mouse plasmas were tested for normal distribution and then compared by a 2-tailed t test using Graph Pad Prism software. A P value of 0.05 or less was considered significant for all experiments.
